Elucidation of the molecular structure of adsorbed molecules and molecular surface reaction dynamics is among the most important fields in surface science. The ultrasensitive Raman spectrum is one of the most powerful methods for surface adsorbate analysis, not only because of its "finger print" analysis technology on the nanoscale but also because of the enormous local surface plasmon resonance (LSPR) enhancements or charge transfer enhancements of the Raman spectra[@b1][@b2][@b3][@b4][@b5][@b6][@b7][@b8][@b9][@b10].

Recently, plasmon chemistry has become one of the most promising research fields[@b11][@b12][@b13][@b14][@b15][@b16][@b17][@b18][@b19][@b20][@b21], and directly plasmon-driven surface catalytic reactions have been experimentally performed. Plasmons are able not only to drive molecular synthesis but also to cleave specific chemical bonds as nano scissors via plasmonic hot electrons[@b11][@b12][@b13][@b14][@b15][@b16][@b17][@b18][@b19][@b20][@b21]. In the process of plasmon-driven surface catalytic reactions, certain new Raman peaks appear or certain Raman peaks disappear.

In this work, the SERS spectra of thioanisole were experimentally investigated in an liquid electrochemical environment. Our experimental results revealed that two Raman peaks are not only dependent on electric potential but also strongly dependent on LSPR. Theoretical analysis indicated that thioanisole is first dissociated from thiophenol via the S-CH~3~ bond at −0.4 V, and at the same time, these two Raman peaks appeared. These peaks represent the S-S bond of the thiophenol dimer and the asymmetric C-C stretching modes of the benzenyl of the thiophenol dimer. Our results demonstrate that the potential-dependent dimerisation dynamics of thiophenol via the S-S bond. Our experimental findings provide insight into the structural elucidation of adsorbed molecules and molecular surface reaction dynamics.

Results
=======

[Figure 1a](#f1){ref-type="fig"} shows the Ag substrate before it was roughened. [Figure 1b and 1c](#f1){ref-type="fig"} show SEM images of roughened Ag substrates at different magnifications. [Figure 1c](#f1){ref-type="fig"} demonstrates that the surface of the roughened Ag substrate consists of 3-dimensional (3D) "hot" spots of nanoparticles, which can produce stronger electromagnetic enhancements and more "hot" spots[@b22][@b23][@b24][@b25], indicating that the roughened Ag substrate is more suitable for the measurement of SERS. [Figure 1d](#f1){ref-type="fig"} shows the reflectance spectrum of roughened Ag substrates. The LSPR peak is approximately 532 nm, but the LSPR at approximately 785 nm is very weak.

The data presented in [Fig. 2(a)](#f2){ref-type="fig"} displays as an increase in overall intensity of the bands as function of potential, due to the increase of LSPR by increasing the voltages. Here, we focused on the Raman intensities at 464 and 1584 cm^−1^ at different voltages, since they are potential-driven potential-dependent new Raman peaks. At low electric voltage, these two peaks do not appear (there are no such Raman peaks at all at low voltages), whereas with increasing electric voltage, the intensities of these two Raman peaks are gradually selectively enhanced. For a deeper understanding of the above results excited at 532 nm, the electric voltages were also gradually decreased from −1.2 V to 0 V. The data presented in [Fig. 2(b)](#f2){ref-type="fig"} demonstrates as a decrease in overall intensity of the bands as function of potential. When the Raman intensity at 1076 cm^−1^ in different voltages are normalized, the Raman intensities at 1584 cm^−1^ at different voltages are also potential-dependent decreased. However, these Raman peaks did not disappear as expected (see [Fig. 2b](#f2){ref-type="fig"}). This phenomenon revealed that with the decrease of the potential voltages, the LSPR intensity is also decreased. The Raman peaks at 464 cm^−1^ was almost not decreased in [Fig. 2(b)](#f2){ref-type="fig"}. The Raman peaks at 464 cm^−1^ was increased only with the increase in potential voltage, but did not decrease when the voltage was decreased again. Theoretical calculations demonstrated that Raman mode at 464 cm^−1^ was the S-S bond; therefore, this is not a reversible process for the dimerization (it will be discussed later in detailed).

The changing tendencies of these two newly formed Raman peaks at 464 and 1584 cm^−1^ via potentials can be seen in [Figure 2c and 2d](#f2){ref-type="fig"}, respectively. It was found that the intensities of these two Raman modes are strongly dependent on the electric potentials, although they follow different rules. For the case of 464 cm^−1^, from 0 v to −0.4 V, there is no such Raman peak, while from −0.4 v to −0.6 V, this Raman peak increases sharply. In addition, from −0.6 V to −1.2 V, this Raman peak increases gradually. In comparison, the intensity of the Raman peak at 1584 cm^−1^ gradually increases from 0 V to −0.9 V, then increases sharply from 1.0 V to −1.2 V.

The cyclic voltage sweep V-I curve was measured (see [Fig. 3](#f3){ref-type="fig"}) to study the nature of the appearance of these two increased Raman peaks when the potential is greater than −0.4 V. The results indicated a strong peak at approximately −0.4 V; therefore, there are chemical reactions under this experimental condition. The most likely explanation is that thioanisole was first dissociated from thiophenol via the S-CH~3~ bond at −0.4 V, while the plasmon-driven formation of the S-S bond of thiophenolled to the formation of a thiophenol dimer, which was potential dependent. With increasing voltage, the probability of dimerisation gradually increased, as shown in [Figure 2a](#f2){ref-type="fig"}, with excitation at 532 nm.

Theoretically, the Raman spectra of thioanisole and the thiophenol dimer were calculated using a quantum chemical method. First, the calculated Raman spectrum of thioanisole was compared to the experimental SERS spectrum at a low voltage (−0.2 V); see [Figure 4a](#f4){ref-type="fig"}. The theoretical calculated Raman spectrum of thioanisole is highly consistent with experimental SERS at −0.2 V, and there is no vibrational mode at 464 cm^−1^ at all, and only one Raman peak at 1573 cm^−1^; furthermore, the vibrational mode at 1573 cm^−1^ can be attributed to the C-C stretching mode of the benzenyl of thioanisole. Next, the comparison of the calculated thiophenol dimer with the experimental SERS at high voltage, −1.2 V, can be seen in [Figure 4b](#f4){ref-type="fig"}. We also found that the Raman peak at 464 cm^−1^ represents the S-S stretching mode of the thiophenol dimer, and the two experimental Raman peaks at 1573 and 1585 cm^−1^ represent the almost degenerated C-C symmetric and asymmetric vibrational modes of the benzenyl of the thiophenol dimer, respectively. These three vibrational modes can be seen in [Figure 4c](#f4){ref-type="fig"}. Due to the interaction between molecule and substrate, and the higher potential voltages (larger plasmon enhancement), these two almost degenerated Raman peaks at 1573 and 1585 cm^−1^ are slightly splitted, and then they can be observed experimentally at higher potential voltages. The data presented in [Fig. 2(b)](#f2){ref-type="fig"} demonstrates that the Raman intensities at 1584 cm^−1^ at different voltages are also potential-dependent decreased, which revealed that the coherence degree of these two almost degenerated Raman modes is decreased with the decrease of potential voltages (weaker LSPR intensity) again. However, these increased Raman peaks did not disappear as expected (see [Fig. 2b](#f2){ref-type="fig"}); moreover, the Raman peak at 464 cm^−1^ (S-S stretching mode) in [Fig. 2(b)](#f2){ref-type="fig"} is not decreased at all, which revealed that the dimerisation is still stable.

To study the relationship between LPSR and the dimerisation process, SERS spectra excited at 785 nm were also recorded. Owing to the weak LSPR at approximately 785 nm (see [Fig. 1d](#f1){ref-type="fig"}), the increased Raman peaks at 464 and 1585 cm^−1^ (in [Fig. 2a](#f2){ref-type="fig"}) cannot be observed in [Figure 5](#f5){ref-type="fig"}, as the required laser intensity is 8.5 times larger than the intensity of the 532 nm laser. It can be concluded that the dynamics of dimerisation depend on two parameters:1) the raised Fermi level based on the applied electric voltage and 2) strong LSPR. Only the dissociation of the S-CH~3~ of thioanisole was observed, but there was no plasmon-driven thiophenol dimer.

Discussion
==========

[Figure 6](#f6){ref-type="fig"} illustrates the nature of plasmon-driven potential, with the LSPR depending on the molecular reaction dynamics on the Ag surface. Usually, the hot electrons generated from plasmon decay can drive chemical reactions[@b11][@b12][@b13][@b14][@b15][@b16][@b17][@b18][@b19][@b20][@b21][@b22]. Hot electrons provide kinetic energy and electrons for the chemical reaction, and the reaction barrier can be easier overcome. In the case of laser excitation at 532 nm, without sufficient external potential (below 0.4 V), the energies of the laser and hot electrons cannot reach the energy of dimerisation via the S-S bond, even though the LSPR is strong. When the voltage is greater than 0.4 V (raising the Fermi level), the energies of the laser and hot electrons can achieve the energy of dimerisation via the S-S bond of thiophenol, which is enhanced by the strong LSPR. If there is no energy loss, the energy of hot electrons is equal to the laser energy. The electron energy distributions of hot electrons are time dependent following the decay of a plasmon[@b21][@b26]. The depicted distributions in [Figure 6](#f6){ref-type="fig"} are time-averaged distributions[@b21][@b26] and resemble a Fermi-Dirac distribution under these continuous wave (CW) illumination conditions[@b21][@b26]. Moreover, the magnitude of the Fermi-Dirac distribution is strongly dependent on the intensity of the laser[@b26]. Due to the non-conservation of momentum in a nanocrystal[@b26], the carrier distribution has a high energy and occupies the entire region of E~F~\<ε \< E~F~ + ħω in the nanosystem, where E~F~ is the Fermi energy level. Note that the relationship between the optical absorption energy and the shift of electrode potential can be estimated by[@b27] where *E*(Δ*V*) is the optical absorption energy, Δ*V* is the change of the cathode potential *V* and *β* ≤ 1. In the Helmholtz model, *β* = 1[@b28].

For the case of laser excitation at 785 nm, the total energies (external potential plus hot electrons decayed from LSPR) cannot reach the dimerisation energy; moreover, the LSPR is very weak at 785 nm, and the process of dimerisation cannot o occurs in [Figure 2c](#f2){ref-type="fig"}. For this reason, the total energies of the applied potential and hot electrons excited by LSPR are the two most important factors for observing such molecular reaction dynamics on a surface.

In summary, the plasmon-driven potential and LSPR-dependent SERS spectra of thioanisole were investigated experimentally and theoretically. Potential-dependent increased Raman peaks were observed experimentally, and theoretical analysis revealed that these two incresed Raman peaks were potential- and LSPR-dependent Raman peaks, which revealed the dynamics of thiophenol dimerisation, namely the S-S vibration mode at 464 cm^−1^ and the asymmetric C-C stretching mode of the benzenyl of thiophenol at 1587 cm^−1^. Our experimental results also confirmed that the dimerisation is stably excited by incident 532-nm laser light, as when the voltage was returned to 0 V from −1.2 V, these two Raman peaks could still be observed. A mechanism for these molecular reaction dynamics on the surface was proposed and rationally interpreted.

Note that the orientation of the molecule towards the metallic surface also affects the band ratio, which is known as the surface selection rule. In addition, changes in orientation of the molecule towards the surface are easily altered by changing the potential. However, we can exclude this factor, as these two vibrational modes did not appear in the calculated results (see [Fig. 4a](#f4){ref-type="fig"}), and the two new vibrational modes resulted from the thiophenol dimer (see [Fig. 4b](#f4){ref-type="fig"}). Our work reveals that the intensities of these two Raman modes are strongly dependent on the electric potentials, but with different rules; see [Figure2c and 2d](#f2){ref-type="fig"}. These two newly formed vibrational modes depend strongly on electromagnetic enhancement tuned by electric potentials. In particular, stronger electromagnetic fields are associated with a greater probability of dimerisation, leading to stronger Raman intensities for these two modes.

Methods
=======

Prior to the experiment, the Ag electrode (a single-crystal silver rod of 99.9% purity) was polished with emery paper and cleaned with Milli-Q water in an ultrasonic bath. The electrode was then placed in a typical electrochemical cell containing 0.1 M Na~2~SO~4~solution for roughening. A double potential step was used to roughen the surface by applying a voltage of +0.25 V for 8 s and then applying a voltage of −0.35 V. This roughening treatment was performed to enhance the Raman intensity for the convenience of spectral recording. After the roughening pre-treatment, the electrode was placed in an electrochemical cell containing 0.1 M KCl and 0.05 M thioanisole solutions. Thioanisole was purchased from Aldrich Chemical Co. The SEM image of the roughened Ag substrate was obtained using a Hitachi S-4800 microscope. The reflectance spectra were measured to determine the plasmon resonance *ω~p~*.

The Raman spectra of thioanisole (concentration is 0.05 M) were recorded using the microprobe Raman system RH13325 (R-2000) spectrophotometer. A three-electrode cell was used to perform the oxidation--reduction cycles (ORCs). The sample was used as a working electrode, and a platinum wire was used as the counter electrode. An Ag/AgCl electrode was employed as the reference electrode. The applied voltages of the working electrode were controlled with a CHI619Belectrochemical instrument. The samples were excited with 532-nm and 785-nm lasers, and their effective powers were 0.15 and 1.27 mW, respectively. A 50× objective was used to achieve a 180°backward scattering configuration.

The theoretical calculations of the molecular Raman spectra and their vibrational modes were performed with the Gaussian 09 software using density functional theory[@b29], the B3LYP functional[@b30], and the 6-31G(d) basis set. The calculated Raman spectra were scaled according to Ref. [@b31].
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![Characterisation of the Ag substrate.\
(a) SEM images of the Ag substrate without roughening; (b) and (c) SEM images of roughened Ag substrates at different magnifications; (d) reflectance spectra of roughened Ag substrates.](srep07221-f1){#f1}

![Potential-dependent SERS spectra excited with a 532-nm laser.\
(a) The potential-dependent SERS spectra from 0 to −1.2 V and (b) the potential-dependent SERS spectra from −1.2 to 0 V.(c) and (d) Changing tendencies of Raman peaks at 464 and 1584 cm^−1^according to the potential, where the mean error is within 5%.](srep07221-f2){#f2}

![Potential-dependent cyclic voltammograms of thioanisole.](srep07221-f3){#f3}

![Experimental and theoretical SERS spectra and molecular vibrational modes.\
(a) Experimental (from [Fig. 2](#f2){ref-type="fig"}) and theoretical SERS spectra of thioanisole, (b) Experimental and theoretical SERS spectra of the thiophenol dimer. (c) Vibrational modes of the thiophenol dimer.](srep07221-f4){#f4}

![Potential-dependent SERS spectra excited at 785 nm by a laser with potentials from 0 to −1.2 V.](srep07221-f5){#f5}

![Scheme of plasmon-driven potential and LSPR-dependent molecular reaction dynamics on the surface.\
The reflectance spectra of roughened Ag substrates can also be seen in [Figure 1d](#f1){ref-type="fig"}. The Fermi level of the Ag substrate was taken from the CRC Handbook of Chemistry and Physics (2008).](srep07221-f6){#f6}
